Recently, regeneration therapy has been developed and uses a cellular activity to cure bone defects, requiring HAp with porous spaces for the cells. We have developed superporous HAp (HAp-S). The macro pore size of HAp-S was approximately 50 to 300 µm. The macro pores were very uniform. Moreover, HAp-S had many interconnecting pores and micro pores on the pore wall. HAp-S showed regenerative bone tissue, integration with the surrounding tissue and recovery of the compression strength of the defect area in the early stage. These results strongly suggest that the controlled triple pore structure, namely, uniform macro pores, many interconnecting pores and micro pores on the pore wall, advances osteogenesis. HAp-S was confirmed to have the most suitable pore structure for bone regeneration as the bone substitute material, and as being a useful material for application to bone disease.
Introduction
Hydroxyapatite ceramics (HAp) have been used as bone graft materials, due to their excellent biocompatibility and osteoconductivity. 1) Moreover, they had a wide range of porosity for using various bone defect parts. For example, HAp from 0 to 15% porosity with high strength was useful as an ilium spacer, intervertebral spacer which requires high strength. 2) HAp from 30 to 40% porosity was useful as spinous process spacer for laminoplasty which requires bone formation and middle strength.
3) Furthermore, HAp from 40 to 60% porosity was useful for the calvarias plate which requires good bone formation. 4) However, due to the mechanical strength, the porosity was limited to 60% or less.
Recently, regeneration therapy has been developed and uses a cellular activity to cure bone defects, requiring HAp with porous spaces for the cells. 5) We have developed superporous HAp (HAp-S) and designed the porosity, pore size and pore structure of HAp-S for managing directly-opposing factors of both high porosity and mechanical strength.
In this study, HAp-S's properties were examined using primary rat calvarial osteoblasts culture in vitro and an implant model using the canine femoral defect model, ilium defect model and rat calvarial defect model.
Material and methods 2.1 Formation of superporous hydroxyapatite
An aqueous solution of phosphoric acid was poured into a suspension of purified calcium hydroxide, which resulted in hydroxyapatite slurry. The slurry was sprayed and dried using the spray-dry method to produce a fine spheroid powder. HAp powder was homogenized in water. A water soluble polymer was added to the slurry as a binder. A surfactant was used for bubble formation and micro air bubbles were introduced into the HAp slurry. The slurry was gelated and dried. The green block was then shaped into a disk and rod and sintered at 1200°C in air.
Measurement of compression strength
The compression strength of the HAp-S was measured by the recommended method of JIS at the speed of 0.5 mm/min by Autograph DSS (Autograph DSS/5000, Shimadzu Co., Kyoto, Japan).
Scanning electron microscopy (SEM) observation
The surface and inside structures of HAp-S and HAp-50 were observed by SEM (S-4200, Hitachi Co., Tokyo, Japan).
Mercury porosimetry analysis
The pore size of HAp-S and HAp-50 were analyzed by mercury porosimetry (5000psi, PMI Co., USA).
In vivo: Animal test 2.5.1 Canine femoral defect model
HAp-S 4 mm in diameter and 12 mm in length was implanted at 2 sites in the left and right femurs of male beagles for following ISO10993-6. Four weeks after implantation, the left and right femurs of 3 beagles were excised, and the effects and changes in the surrounding tissue and implanted material were investigated by Toluidine Blue (T.B) staining. The comparative material was HAp with 50% Porosity (HAp-50).
Canine ilium defect model (biomechanical testing)
HAp-S 4 mm in diameter and 6 mm in length was implanted at 1 site in the ilium of male beagles for 4 following ISO10993-6. Four weeks and 13 weeks after implantation, the ilium of 3 beagles was excised. The operative segments were gently trimmed off all the soft tissue. Before biomechanical testing, each specimen was fixed using resin. They were evaluated by nondestructive compression strength testing (until compressed 0.5 mm by adding load) using a biomechanical testing machine (858 Mini Bionix II, MTS System Co., Minneapolis, MN, USA). Moreover, the effect and change of HAp-S were investigated by T.B staining.
Rat calvarial defect model
After the periosteum was removed, a defect 4 mm in diameter and 1 mm in length was made in the calvarias of Wistar rats. Then, HAp-S the same size as the defect was implanted and the periosteum was returned. Twelve weeks after implantation, the calvarias of 3 rats were excised, and effects and changes in the surrounding tissue and implanted material were investigated by Hematoxylin Eodine (H.E) staining. The comparative material was HAp-50.
In vitro
Newborn Wistar rats were sacrificed by chloroform and their calvarias were removed aseptically. They were minced, washed with PBS, and digested by a 0.1% collagenase solution in a digestion chamber at 37°C for 90 min. They were filleted with a cell strainer and the filtrates were centrifuged at 1000 rpm for 5 min. The osteoblasts were suspended in 10 ml of MEM containing 100 U/mL penicillin, 100¯g/mL streptomycin, 0.25¯g/mL fungison, and 15% FBS. The cell number was counted and adjusted to 7 © 10 5 counts of osteoblasts/pellet. The osteoblasts were laid on HAp-S and HAp-50% pellets. They were incubated in the culture medium described earlier at 37°C in a CO 2 incubator. The pellets of 3, 7 and 14 days of culture were estimated by alkaline phosphatase activity and ALP staining.
Alkaline phosphatase (ALP) activity
The pellets with the cells were washed with PBS, crushed by a cryo-press, and transferred into tubes. Five hundred¯L of 10% Triton-X 100 aqueous solution, and 250¯L of 2-1amino-2-methyl-1-propanol buffer were added, followed by the addition of 250¯L of substrate. The mixture was kept at 37°C for 15 min. The reaction was stopped with 250¯L of 1N NaOH, and the absorbance was measured at 450 mm.
ALP staining
The pellets with the cells were washed with PBS, fixed for 30 s with a 60% acetonecitrate buffer, washed with distilled water for 45 s, and reacted with a dye mixture for 30 min in the dark. The dye mixture was composed of 48 mL of a fast violet B salt solution and 2 mL of a 0.25% naphthol AS-MX phosphate alkaline solution. After the reaction, the pellets were washed with distilled water and photographed using a digital surface microscope.
Results

Characteristics of superporous hydroxyapatites
The porosity of HAp-S was 85%, measured by its volume density. The porosity was the highest among the inorganic ceramics as bone substitute material. The compression strength of HAp-S was approximately 2 MPa which is manageable during surgery ( Table 1) .
SEM observation
In HAp-S, the size of the macro pores was from approximately 50 to 300¯m (Table 1) . At high magnification, there are many interconnecting pores among the macro pores and micro pore gaps between secondary particles of HAp ceramics on the pore walls. The size of the interconnecting pores and micro pores is from 50 to 100¯m, and from 0.5 to 10¯m, respectively ( Table 1 ). The pores way to penetrate for the cells and the bone tissue were the macro pore and interconnecting pores. If the size of pores was too large, the fiber tissue penetrated earlier than the cells and the bone tissue. The fiber tissue obstructed bone formation, therefore the most suitable pore size for the cells and the bone tissue was needed for bone formation.
In brief, HAp-S had the triple pore structure (Fig. 1a) and b) ). The triple pores (macro pores, interconnecting pores and micro pores) were greatly important parameter for bone formation. In HAp-50, the size of the macro pores was from approximately 50 to 500¯m (Table 1 ). There are micro pore gaps between secondary particles of HAp ceramics on the pore walls. The size of the micro pores is from 0.5 to 10¯m. HAp-50 had the interconnecting pore structure with the macro pores and micro pores (Fig. 1c) and d) ).
Mercury porosimetry analysis
The peak of HAp-S was approximately 80¯m. This size was interconnecting pore size and the suitable pore size for the cells and the bone tissue was needed for bone formation. The peak size of HAp-50 was from approximately 50 to 500¯m. This size was larger than that of HAp-S and the fiber tissue penetrated earlier than the cells and the bone tissue. The interconnecting pores of HAp-S were more than one of HAp-50 (Fig. 2) .
In vivo animal test 3.4.1 Canine femoral defect model
T.B staining in HAp-S 4 weeks after implantation showed new bone formation in the entire implanted material area (Fig. 3) . Moreover, tissue of the surrounding implanted area did not show any abnormalities. The magnified image of the cortex in HAp-S showed new bone formation not only in the boundary area between the original cortex bones, but also inside HAp-S. On the other hand, although T.B staining of the comparative material HAp-50 showed new bone formation in the surrounding material and pores on the surface, new bone formation was not observed in the pores inside the material.
Canine ilium defect model (biomechanical testing)
The compression strength of the HAp-S 4 weeks after implantation was 6-fold higher than that before implantation. Thirteen weeks after implantation, the compression strength of the HAp-S was over 8-fold higher than that before implantation. The strength of the bone defect was recovered at the early stage with the period of implantation (Fig. 4-1) . T.B staining of HAp-S showed the HAp-S material surrounding new bone formation tissue (Fig. 4-2) . Moreover, because the formation of bone tissue among the inside materials was tightly bonded by the micro pores of HAp-S.
Rat calvarial defect model
H.E staining of HAp-S showed that the HAp-S material had excellent new bone formation tissue not only in the surrounding area, but also the entire HAp-S area. Moreover, tissue surrounding the implanted area did not show any abnormalities. On the other hand, H.E staining of the comparative material HAp-50 showed new bone formation in the surrounding material (Fig. 5) .
In vitro test
ALP activity of HAp-S was higher than that of HAp-50 during the entire culture period (Fig. 6-1) . ALP staining of HAp-S showed staining on the surface and inside of HAp-S. In contrast, ALP staining of HAp-50 showed that only the surface (Fig. 6-2 ).
Discussion
Recently, regeneration therapy has been developed and uses a cellular activity to cure bone defects, requiring HAp with porous spaces for the cells.
In order to obtain the most suitable porosity, pore size and pore structure, we considered the following aspects. 1) Porosity: We reviewed materials and facilities requiring the addition of a bubble method. In the conventional method, bubble formation is created by mixing and naturally adding air to the slurry. This time, we added surfactant and formed unprecedented micro bubbles in the HAp slurry. 2) Pore size: Adding surfactant allowed uniformity of the macro pores and interconnecting pores. If these pore sizes are too large, the inside of pores will be covered with fibrous tissue. As a result, bone formation was prevented by fibrous tissue. If these pore sizes are too small, cell cannot permeate to the inside of the materials and bone formation will be limited to the surface layer. Therefore, determining the ideal pore size was required for good bone formation. 6) We chose the surfactant which created more uniform micro bubbles. Moreover, it was important to keep adding bubbles to the slurry without crushing until the final shape was obtained.
3) Pore structure: To present a scaffold that is necessary for more excellent bone formation, we investigated the condition of HAp powder and achieved porosity of the pore structure. Macro pores were necessary to provide a comfortable space for cells to penetrate. Interconnecting pores were required to allow penetration to the inside of HAp. Micro pores were required as the super bonding space for cells. 7) In the above improvements, the porosity of HAp-S was 85%, and its compression strength was approximately 2.0 MPa. Although the porosity of HAP-S was the highest among the commercial inorganic ceramics artificial bones, property was enough during surgery. In the in vivo test, HAp-S had better new bone formation tissue in not only the surrounding area, but also the entire area of HAp-S than that of HAp-50. Moreover, HAp-S showed regenerative bone tissue, integration with the surrounding tissue and recovery of the compression strength of the defect area in the early stage. These results strongly suggest that the controlled triple pore structure, namely, uniform macro pores, many interconnecting pores and micro pores on the pore wall, advances osteogenesis.
Conclusion
HAp-S was confirmed to have the most suitable pore structure for bone regeneration as the bone substitute material, and as being a useful material for application to bone disease.
In 2006, HAp-S (APACERAM-AX, HOYA Co., Tokyo, Japan) was approved by the MHLW as a bone substitute in orthopedics for spine fusion and tumors, as well as the dental field.
9)11) The clinical data on the follow-up more than 1 year after the treatment with HAp-S showed favorable results in all cases. In addition, we have verified that beta TCP with the controlled triple pore structure had excellent osteoconductivity and bioresorption. 12) Future clinical application is expectable.
